Living organisms have unique homeostatic abilities, maintaining tight control of their local environment through interconversions of chemical and mechanical energy and self-regulating feedback loops organized hierarchically across many length scales [1] [2] [3] [4] [5] [6] [7] . In contrast, most synthetic materials are incapable of continuous selfmonitoring and self-regulating behaviour owing to their limited single-directional chemomechanical 7-12 or mechanochemical 13, 14 modes. Applying the concept of homeostasis to the design of autonomous materials 15 would have substantial impacts in areas ranging from medical implants that help stabilize bodily functions to 'smart' materials that regulate energy usage 2, 16, 17 . Here we present a versatile strategy for creating self-regulating, self-powered, homeostatic materials capable of precisely tailored chemo-mechanochemical feedback loops on the nano-or microscale. We design a bilayer system with hydrogel-supported, catalyst-bearing microstructures, which are separated from a reactant-containing 'nutrient' layer. Reconfiguration of the gel in response to a stimulus induces the reversible actuation of the microstructures into and out of the nutrient layer, and serves as a highly precise 'on/off' switch for chemical reactions. We apply this design to trigger organic, inorganic and biochemical reactions that undergo reversible, repeatable cycles synchronized with the motion of the microstructures and the driving external chemical stimulus. By exploiting a continuous feedback loop between various exothermic catalytic reactions in the nutrient layer and the mechanical action of the temperatureresponsive gel, we then create exemplary autonomous, self-sustained homeostatic systems that maintain a user-defined parametertemperature-in a narrow range. The experimental results are validated using computational modelling that qualitatively captures the essential features of the self-regulating behaviour and provides additional criteria for the optimization of the homeostatic function, subsequently confirmed experimentally. This design is highly customizable owing to the broad choice of chemistries, tunable mechanics and its physical simplicity, and may lead to a variety of applications in autonomous systems with chemo-mechano-chemical transduction at their core.
Living organisms have unique homeostatic abilities, maintaining tight control of their local environment through interconversions of chemical and mechanical energy and self-regulating feedback loops organized hierarchically across many length scales [1] [2] [3] [4] [5] [6] [7] . In contrast, most synthetic materials are incapable of continuous selfmonitoring and self-regulating behaviour owing to their limited single-directional chemomechanical [7] [8] [9] [10] [11] [12] or mechanochemical 13, 14 modes. Applying the concept of homeostasis to the design of autonomous materials 15 would have substantial impacts in areas ranging from medical implants that help stabilize bodily functions to 'smart' materials that regulate energy usage 2, 16, 17 . Here we present a versatile strategy for creating self-regulating, self-powered, homeostatic materials capable of precisely tailored chemo-mechanochemical feedback loops on the nano-or microscale. We design a bilayer system with hydrogel-supported, catalyst-bearing microstructures, which are separated from a reactant-containing 'nutrient' layer. Reconfiguration of the gel in response to a stimulus induces the reversible actuation of the microstructures into and out of the nutrient layer, and serves as a highly precise 'on/off' switch for chemical reactions. We apply this design to trigger organic, inorganic and biochemical reactions that undergo reversible, repeatable cycles synchronized with the motion of the microstructures and the driving external chemical stimulus. By exploiting a continuous feedback loop between various exothermic catalytic reactions in the nutrient layer and the mechanical action of the temperatureresponsive gel, we then create exemplary autonomous, self-sustained homeostatic systems that maintain a user-defined parametertemperature-in a narrow range. The experimental results are validated using computational modelling that qualitatively captures the essential features of the self-regulating behaviour and provides additional criteria for the optimization of the homeostatic function, subsequently confirmed experimentally. This design is highly customizable owing to the broad choice of chemistries, tunable mechanics and its physical simplicity, and may lead to a variety of applications in autonomous systems with chemo-mechano-chemical transduction at their core.
The survival of organisms relies on homeostatic functions such as the maintenance of stable body temperature, blood pressure, pH and sugar levels 1, 3, [5] [6] [7] . This remarkable self-regulatory capability can be traced to macromolecular components that convert chemical processes into nano-or microscale motion and vice versa, such as ATP synthesis 5 and muscle contraction 4, 7 , thereby mechanically mediating the coupling of a wide range of disparate chemical signals 1, 2 . Despite its importance in living systems, the concept of homeostasis and self-regulation has not been applied extensively to man-made materials, with the result that many are energy inefficient or fail when subject to minor perturbations. Synthetic materials typically sense or actuate only along a single chemomechanical [8] [9] [10] [11] [12] (C R M) or mechanochemical 13, 14 (M R C) route, and are generally incapable of integration into feedback mechanisms that necessarily incorporate both pathways
There are a few stimuli-responsive drug delivery systems, which utilize chemo-mechano-chemical elements that lead to the release of certain molecules to target locations [18] [19] [20] . Select oscillating and non-oscillating reactions have been coupled to reversible mechanical responses [21] [22] [23] [24] [25] , yet systems that are driven by such a limited chemical repertoire lack versatility and tunability. Despite substantial efforts, artificial chemomechanical systems capable of integration within hierarchical regimes, taking advantage of compartmentalization and partition 26 , and offering smooth coupling of microscopic and macroscopic signals with fast mechanical action 4 and a wide range of chemical inputs and outputs remain a highly desired but elusive goal 16, 17 . In response to these challenges, we describe here a new materials platform that can be designed to mediate a variety of homeostatic feedback loops. The system, which we call SMARTS (self-regulated mechanochemical adaptively reconfigurable tunable system), reversibly transduces external or internal chemical inputs into user-defined chemical outputs via the on/off mechanical actuation of microstructures.
The general, customizable design of SMARTS is presented in Fig. 1a . Partly embedded in a hydrogel 'muscle', high-aspect-ratio 'skeletal' microstructures with a catalyst or reagent affixed to the tips reversibly actuate as the gel swells or contracts in response to a chemical stimulus (C 1 ). When this system is immersed in a liquid bilayer, this mechanical action (M) moves the catalyst into and out of a top layer of reactants (the nutrient layer), such that a chemical reaction (C 2 ) is turned on when the microstructures straighten and turned off when they bend, realizing a synchronized cascade of chemomechanical energy interconversions (C 1 R M R C 2 ). We built such a system using an epoxy microfin array (Fig. 1b) that reconfigures between upright and bent states (Fig. 1c) when the volume of the hydrogel changes. The catalyst or reagent of choice was physically adsorbed or chemically attached to the tips of the microstructures ( Fig. 1d and Supplementary Fig. 1 ). The formation of a stable bilayer configuration was achieved in either a biphasic system or in a microfluidic device ( Supplementary Fig. 2 ), and the position of the interface was determined by confocal microscopy using fluorescently labelled liquids (Fig. 1e) . Using this design, we first characterized and optimized a number of externally regulated C 1 R M R C 2 systems which show that SMARTS can be tailored to a broad range of coupled chemomechanical and mechanochemical events (Fig. 2) . We incorporated microstructures actuated by a pH-responsive hydrogel, poly(acrylamide-co-acrylic acid) 27 , into a microfluidic channel 28 and used laminar flow to generate a stable liquid bilayer on top of the microstructured surface (Supplementary Fig. 2 ). Using periodic changes in pH in the bottom layer as the stimulus (S), we realized chemo-mechano-chemical cycles of the type (
, where S on and S off correspond to pH change, C 1 and C 21 respectively denote deprotonation of the acrylic acid and protonation of the acrylate moieties, M up and M bent denote the movement of the microstructures between the two liquid layers, and C 2 denotes various reactions triggered in the top layer (Fig. 2) .
To determine optimal conditions allowing the microstructures to pass sufficiently far across the fluidic interface (Fig. 2a, b ), we applied fluorescein to the microstructure tips and observed the on/off states of fluorescein quenching by potassium iodide in the nutrient layer. By tracking the progress of both the chemical reaction and the motion of the microstructures ( Fig. 2c and Supplementary Fig. 3 ), we demonstrated that the quenching started at almost the exact moment the 18-mm-tall tips crossed the ,12-mm-high interface into the layer of reagents, and ceased as the tips crossed again upon leaving the potassium iodide solution. The high level of chemomechanical coordination of SMARTS therefore provides both a precise and controllable way to use mechanical action to alter and affect dynamics of chemical systems and a basis for the design of much more complex, compartmentalized 2 Supplementary Fig. 4 ), can be switched on and off entirely within a fraction of a second, in synchrony with the driving chemical stimulus. This system can also be designed to regulate much more complex, multicomponent enzymatic processes occurring in delicate, biologically relevant conditions. The variety of switchable C 2 reactions is complemented by the customizability of the hydrogel response, which can be tailored to a wide range of stimuli, such as pH, heat, light and glucose or other metabolic compounds, making it possible to mix and match chemical signals at will.
Of particular interest and potential importance is the ability to design self-regulated, autonomous C 1 R M R C 2 systems in which the chemical output signal is matched with the stimulus of the responsive hydrogel. Such a system would have homeostatic behaviour owing to the possibility of a complete, continuous feedback loop, (Fig. 3a) . We demonstrated this unique capacity by creating multiple self-powered, self-regulated oscillating systems in which the mechanical action of a temperatureresponsive gel, poly(N-isopropylacrylamide), was coupled to several exemplary exothermic catalytic reactions: (i) hydrosilylation of 1-hexene with triethylsilane catalysed by H 2 Fig. 4) . f, Time-resolved gas generation synchronous with the actuation of the fins. 
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and their catalyst-functionalized tips enter the reagent layer, triggering an exothermic reaction; when the temperature increases to T . LCST as a result of the generated heat, it triggers contraction of the hydrogel, removing the microstructures from the reagents; when the temperature falls to T , LCST again, the cycle restarts, giving rise to continuous, self-regulated C / ? M oscillations (Fig. 3a) . All these systems behave as autonomous thermal regulators that, within a very narrow range, maintain a local temperature, which is determined by the LCST of the hydrogel (Fig. 3b) . For example, when poly(N-isopropylacrylamide) hydrogel 29 (LCST 5 32.0 uC) was used to switch reaction (i), the local temperature fluctuated between 31.0 and 33.8 uC (Fig. 3c and Supplementary Fig. 5 ). When we modified the poly(N-isopropylacrylamide) with 5% butyl methacrylate 30 , to reduce the LCST to 27.8 uC, the local temperature range shifted to 27.1-29.7 uC (Fig. 3c, d ). This robust selfcontained feedback system, which is ,70 mm thick, regulates the temperature of a 0.64-cm 2 surface for ,6 h (4.20 min per cycle for 95 cycles), with an initial input of only 4.0 ml of reactants as fuel (Supplementary Movie 2). With periodic replenishment of reactants, it can in principle continue to function almost indefinitely. The oscillation amplitude and period vary depending on the reactions' exothermicity and kinetics (see discussion below and Supplementary Figs 6-8) .
To capture essential features of the self-regulating, oscillatory behaviour seen in the experiments and assess the contributions of different variables, we developed a hybrid computational approach to modelling microstructures that are embedded in a thermo-responsive gel and interact with an overlying layer of reagents ( Supplementary Fig. 9 and Supplementary Information). This approach is based on the gel lattice spring model [31] [32] [33] , which describes the elastodynamics of the gel layer (Fig. 4a) . Simulations show that the phase trajectory of the vertical (z) coordinate of the microstructure tips, z tip (T) (Fig. 4b ), develops into a stable limit cycle, corresponding to robust, self-sustained oscillations (Fig. 4c) . By focusing on a single oscillation cycle (Fig. 4d) , we see that, in agreement with the experiments (Fig. 3c) , the temperature of the system decreases when the tips are below the bilayer interface and increases when they are above this surface, resulting in a phase shift (of about one-third of the oscillation period) between the oscillations in temperature and tip position. Furthermore, at any temperature within the oscillation cycle, z tip can attain one of two possible values, such that for the same temperature the tips are higher during heating and lower during cooling: Fig. 4d ; the same behaviour is observed in experiments, as seen in Fig. 3d ). This feature is also evident in Fig. 4b , where the upper portion of the limit cycle corresponds to the tips being located above the interface (above the green line) and to the increase in temperature (marked by the red arrow pointing to the right), and the lower portion corresponds to the tips being located below the interface and to the decrease in temperature (marked by the red arrow pointing to the left). The bistability seen in Fig. 4d , as well as the negative feedback provided by the localized reaction, results in the oscillations seen in Figs 3 and 4 . Notably, bistability has been shown to have a key role in various self-oscillating gels 21, 22 ; for example, bistability in the permeability of a gel membrane 21 or spatial bistability in pH-responsive gels 22 results in distinct chemomechanical oscillations.
Our model can be used to estimate trends in homeostatic behaviour based on tunable variables. For example, the modelling suggested ( Supplementary Fig. 10 ) that the homeostatic temperature and the Fig. 8 ).
d, Time-resolved temperature and vertical coordinate (z) of microfin tips for the system with LCST 5 27.8 uC. Note the phase shift between the two curves. Inserts show schematic fin configurations.
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oscillation amplitude and period could be controlled by varying the position of the liquid-liquid interface, the geometry or mechanical properties of the microstructures, and the heating rate. The predicted trends were further confirmed by detailed experiments. Specifically, we note that the oscillation period gradually increases as the reactions progress; although the average period in reaction (i) was 4.20 min per cycle (Fig. 3c) , it increased from the initial value of 3.58 min per cycle to 4.50 min per cycle as reactants were depleted ( Supplementary  Fig. 5c ). Such an increase is in agreement with the predicted effect of varying the heating rate ( Supplementary Fig. 10c ), which depends on the reaction exothermicity and the reactant concentration. To study this effect further, we performed the hydrosilylation reaction with diluted reagents (80% v/v) and observed, as predicted, the increase in the initial oscillation period (to 3.85 min per cycle), as well as the decrease in the amplitude of both temperature oscillation (2.3 uC versus 2.8 uC) and tip position (,3 mm versus ,4 mm), as shown in Supplementary Fig. 6a . In contrast, when triethylsilane was replaced with diphenylsilane, which is more reactive, the higher heating rate resulting from a more vigorous reaction led to a shorter oscillation period (3.20 min per cycle) and a higher amplitude of both temperature oscillation (5.0 uC) and tip position (,7 mm) ( Supplementary Fig. 6a ). Similar results were obtained for SMARTS using other types of exothermic reactions (reactions (iii) and (iv)) ( Supplementary Fig. 6b ).
To study the correlation of the homeostatic performance and the position of the liquid interface, we raised the bilayer interface from ,12 to ,15 mm. With the higher interface, the microfins oscillated with a smaller amplitude of ,2 mm (versus ,4 mm) ( Supplementary  Fig. 7a ). The temperature fluctuations were dampened as well, to an amplitude of 1.7 uC (versus 3.2 uC), around a slightly lower homeostatic point (32.0 uC compared with the original homeostatic point of ,32.7 uC), conceivably because the catalyst-coated microstructure tips remain in the reagent layer for shorter lengths of time when the interface is higher. All the latter effects of varying the interface position are also observed in our simulations ( Supplementary Fig. 10a, b) . To study the correlation of the homeostatic performance and microstructure size, 14. Fig. 7b ).
Our studies not only unravel the dynamic and collective responsiveness of SMARTS and the highly complex non-equilibrium behaviour that typifies its chemo-thermo-mechanical self-regulation, but also provide criteria for optimization and customization of its design. We demonstrated that the homeostatic temperature can be controlled by the LCST of the responsive gel; the frequency and amplitude of the autonomous temperature oscillation depend on the chemical reaction used and, for a given reaction, can be finely tuned by adjusting the height of the liquid interface, the rate of heat generation (through control of reagent concentration) or the microstructure dimension/ geometry. We anticipate that the ability of SMARTS to maintain a stable temperature can be used in autonomous self-sustained thermostats with applications ranging from medical implants that help stabilize bodily functions to 'smart' buildings that regulate thermal flow for increased energy efficiency. In general, our rich SMARTS platform can involve a variety of other stimuli-responsive gels and catalytic reactions, enabling the creation of diverse homeostatic systems with various regulatory functions (controlling pH, light, glucose and pressure, for example). An oscillating mechanical movement originating from a non-oscillatory source, and leading to autonomous motility, has considerable potential for translation into areas such as robotics, biomedical engineering, microsystems technology and architecture, among many others. The system also can be used in the sensing and sorting of analytes in a microreactor device. The micrometre length scale, customizability and physical simplicity of SMARTS allow it to be integrated with other microscale devices, leading to far more complex self-powered, continuous or pulsed hierarchical chemomechanical systems capable of maintaining local state conditions.
METHODS SUMMARY
SMARTS fabrication. Microfins were made by polymerizing epoxy resin (UVO-114 with 10 wt% glycidyl methacrylate) within polydimethylsiloxane moulds that were replicated from silicon masters with corresponding geometry. Microfins were partly embedded in hydrogel by depositing an appropriate amount of hydrogel precursor solution on the microfin-bearing epoxy substrates and curing LETTER RESEARCH under ultraviolet light. Microstructure tips were functionalized by stamping with a flat polydimethylsiloxane sheet inked with catalysts or fluorescence dye, and then thoroughly rinsing. To create a bilayer of aqueous liquids on top of the sample, the sample was integrated in a microfluidic device. Channels were laser-cut into acrylic, double-sided adhesive sheets and placed on top of the sample, and the channels were capped with polydimethylsiloxane allowing integration with polyethylene tubing, creating two inlets connected to two syringe pumps and an outlet. The height of the liquid-liquid interface was adjusted by changing the flow rates of the two ingoing solutions. To create a bilayer of organic-aqueous liquid, the two solutions of fixed volumes were sequentially placed on top of the microfins, forming a stable interface at a fixed height. SMARTS characterization. Confocal microscopy was used to determine the position of the liquid interface and the tip positions of the actuating microfins. Optical imaging and video recording were done using an inverted microscope. Time-resolved temperature monitoring of SMARTS with incorporated exothermic reactions was carried out by precision fine wire thermocouples connected to a temperature controller and a computer. Simulations. The gel lattice spring model [31] [32] [33] was extended to describe elastic filaments that are anchored within a thermo-responsive gel. The model takes into account heat produced by the exothermic reaction when the filament tips are above the reaction plane, as well as the heat dissipation throughout the system.
